We report on detailed temperature dependent, time-resolved photoluminescence (TRPL) studies of Si-doped AlGaN epilayers. In these samples, the Al concentration varies from 25% to 66%. The samples were found to exhibit metallic-like temperature-independent conductivity. The deep level "yellow" emission, whose presence would indicate the existence of a large number of defects associated with growth, Si incorporation, and/or alloy formation, is absent. In addition to emission corresponding to the donor-bound exciton, the PL spectrum exhibits features associated with transitions involving localized carriers. This assignment of the emission mechanisms is based on the activation energies extracted from the temperature dependent photoluminescence (PL) quenching. Specifically, at room temperature the PL spectrum is dominated by transitions involving localized states. The localization energy varied from sample to sample and was observed to be between 115 meV to 200 meV. The PL intensity decay in the lower Al mole fraction epilayers exhibits a slow component associated with the presence of donor-bound excitons.
INTRODUCTION
Despite the significant progress made in the development of UV emitters, the fabrication of UV LEDs and laser diodes remains a challenging problem due, in part, to the difficulties encountered in the growth of high Al content AlGaN. Ultimately, AlGaN materials must be grown with reduced defect densities and high levels of both n-and p-type doping. Achieving very high electron concentration in high Al content AlGaN is difficult due to formation of compensating deep acceptor states generated by the Ga or Al vacancies (V Ga ) [1, 2] and oxygen DX centers [3] . As a result, AlGaN doped with Si reaches a conductive state only for Si concentration exceeding 10 18 cm -3 .
[4] A significant number of studies have been dedicated to increasing the n-type doping levels in AlGaN [4] [5] [6] as well as studying the nature of the compensating acceptors [7, 8] , DX centers [1, 3, 9] , and Si donors [6, 7, 10] in these alloys through transport and/or PL studies. Optical studies are especially important for highly doped AlGaN epilayers that exhibit a metallic behavior even at room temperature [6, 7] , such as the ones studied by Hwang et al. [6] who reported temperature independent electron concentrations as high as 1.25*10 20 cm -3 in Al 0.5 Ga 0.5 N and 8.5*10 19 cm -3 in Al 0.8 Ga 0.2 N epilayers grown by rf plasma-enhanced molecular beam epitaxy.
The present work is an attempt to identify the origins of donor and acceptor states in samples studied by Hwang et al. through temperature dependent photoluminescence studies. A detailed fitting procedure allows the separation of the different components of the PL spectra and the energies associated with the PL intensity quenching are identified with various donors and or acceptor binding energies. The donor bound exciton recombination is found to dominate the spectrum of the low Al mole fraction epilayers at low temperatures. The presence of a very shallow Si donor (binding energy equal to a few meV) is identified. Time-resolved photoluminescence measurements are used to estimate the carrier lifetime dependence on temperature in these epilayers.
EXPERIMENTAL DETAILS
The Si-doped AlGaN epilayers were grown in a turbomolecular Varian Gen II MBE system which uses standard effusion cells for the group III elements. An EPI RF plasma source was used for the nitrogen source and 2 in. sapphire wafers with c-plane orientation were used as substrates. After loading into the growth chamber, each wafer was nitrided by nitrogen plasma at 200 o C for 30 min. and then heated at 830 o C for AlN nucleation layer growth. The Si-doped AlGaN wafers with different Al mole fractions and Si fluxes were grown at 800 o C after the deposition of a 200 Ǻ AlN buffer layer. The growth rate was almost the same for all wafers, 4000 Å/h. The Al mole fraction was subsequently determined by x-ray measurements. The thickness of all epilayers is 4000 Ǻ and they are completely relaxed. A complete series of epilayers with Al mole fractions varying between x =0.25 and x = 1 were grown through this method. Since the shortest excitation wavelength available for the studies presented here was 266 nm, our photoluminescence studies were limited to Al mole fractions smaller than 65%. All the samples, with the exception of the 52% Al mole fraction epilayer, exhibit metallic conductivity up to room temperature with measured Hall carrier concentrations in excess of 10 18 cm -3 and as high as 1.25*10 20 cm - 3 . More details about the growth process and transport measurements results can be found in reference [6] . Preliminary SIMS measurements show that, in addition to silicon, oxygen is present in the sample in concentrations as high as 3.4*10 19 cm -3 . Time-resolved photoluminescence (TRPL) spectra were obtained using conventional time-correlated techniques. The 800 nm, 200 fs pulses from a Coherent 250 KHz repetition rate regenerative amplifier (REGA) were frequency tripled to provide a 250 fs, 266 nm pulsed excitation beam with an average power of 5 mW. The excitation beam was focused onto the sample to a diameter of approximately 60 µm. The luminescence signal was dispersed by a Chromex 250IS monochromator and detected by a Hamamatsu C4334 streak camera with a temporal jitter of 50 ps. The carrier lifetimes were estimated using an exponential fit to the observed decay data. For the temperature dependent photoluminescence studies, the samples were placed inside a closed cycle refrigerator. The temperature studies were carried out from 15 K to 300 K.
RESULTS AND DISCUSSION
A summary of the PL spectra from the samples under study is presented in Figure 1(a) . The spectra taken at low temperatures (continuous lines) exhibit more than one feature at energies lower than the epilayer band gap (marked by arrows in the same figure) . The red shift of the highest energy feature in the spectra with respect to the bandgap varies from approximately 30 meV in the low Al mole samples to hundreds of meV in the higher Al concentration epilayers. The spectrum of the 65% sample could not be recorded in its entirety since the highest excitation energy available for this experiment is lower than the nominal bandgap of Al 0.65 Ga 0.35 N. The Y5.45. 2 shape of the spectra changes significantly as the temperature increases such that, in some cases, the feature that dominated the spectrum at low temperature is absent at room temperature (dotted lines). None of the samples exhibit any deep level (yellow) luminescence. The change in the relative intensity as a function of temperature between the various components in the PL spectra implies the features present in the spectra originate in different recombination mechanisms. This observation suggests a reliable interpretation of the PL spectra from the AlGaN epilayers can be afforded only if each of the components is isolated through a fitting procedure and its temperature dependence is analyzed.
The results of a fitting carried out using Voigt functions for the PL spectra of samples containing 33% and 52% Al are plotted in Figure 1(b) and (c). The continuous lines represent the measured spectrum and the dotted curves are the components fitted to the spectrum. In some cases (for example the 33% or the 25% Al epilayers) a good fitting was obtained using three functions whereas in others (e.g. the 52% Al sample) two components were enough to obtain a good fit to the spectrum.
Next, the integrated intensity of each component was plotted as a function of inverse temperature in an Arhhenius plot and the activation energies associated with the quenching of each component were extracted from the plot, by fitting the intensity dependence on temperature with:
where I 0 the represents the time-integrated intensity at low temperatures, and i = 1, 2 or 3, depending on how many activation energies are associated with each component. The Arhhenius plots for the 25% sample are shown in Figure 2 . For the highest energy peak (peak 1) the thermal quenching is characterized by two activation energies equal to 5 meV and 26 meV. These energies match the donor bound exciton and free exciton binding energies respectively, suggesting the highest energy feature in the spectrum corresponds to the radiative recombination of donor bound excitons at low temperatures and free excitons at higher temperatures. A similar behavior is encountered in the 33% Al sample where peak 1 is also characterized by a low activation energy, of the same order of the PL redshift with respect to the bandgap. In contrast, the second and third peak in the low Al mole fraction samples as well as the PL spectra in the high Al mole fraction samples are characterized by at least one activation energy larger than 100meV. (around 115 meV for the 15% and 33%Al samples and 200 meV for the 47%, 48% and 52% Al samples).
The most straight forward approach is to identify the large activation energies with binding energies of shallow acceptors. Such acceptors have been observed in GaN [11] , but their origins remain obscure. We cannot exclude the possibility that Si is substituting for N as well as Ga, thus acting like an acceptor or the formation of Si clusters with an acceptor character [12] . For the samples exhibiting metallic conductivity the presence of acceptors associated with the formation of V Ga Si Ga complexes is also possible. [8] In addition to donor bound excitons and conduction band to acceptor-related features, the photoluminescence spectra contain contributions from donor to acceptors transitions. (for example peak 3 in the 25% Al epilayer). The activation energies associated with the donor levels involved in these transitions range between 2 meV and 36 meV. Such low numbers indicate the possible formation of band-tail donor like states, almost resonant to the conduction band, and explains the metallic character observed in these samples.
Measurements of the PL intensity decay at different energies across the spectrum confirm the different nature of the recombination mechanisms. Since the epilayers are very thick and completely relaxed, only the recombination of carriers located at the AlN/AlGaN interface and possibly the surface recombination [13] are affected by the presence of spontaneous and piezoelectric polarization. Since the present experiment probes the recombination processes inside the epilayer, such effects can be neglected in the context of the present discussion. The Y5.45. 4 photoluminescence intensity decay as a function of time in the 25% Al sample is plotted in Figure 3 at three different temperatures and for two different energies. All curves can be fitted by a single exponential with the exception of the decay corresponding to the conduction band to acceptor transition (3.789 eV) decay at low temperatures, which is characterized by two distinct lifetimes. The most interesting aspect of the PL decay at this particular energy is, that the high injection lifetime (measured at early decay times to be 1.1 ns in this sample) is longer than the low injection (measured at longer decay times) lifetime and not vice versa, as expected. This behavior is encountered only for the donor to acceptor pair recombination in samples that also exhibit excitonic recombination. In contrast all, donor to acceptor transitions in the higher Al mole fraction samples are characterized by a single exponential decay.
A qualitative explanation for this behavior can be given if we consider that, in a very rough approximation, at low temperatures all non-radiative recombination channels are frozen and the donor-bound excitons recombine leaving the donor in its neutral state. In such a case, at early delay times, the loss of neutral donors through the donor to acceptor pair recombination is compensated by the generation of neutral donors resulting from the exciton recombination. This competition slows the donor-to-acceptor recombination process. Once most of the donor-bound excitons have recombined, the donor to acceptor pair recombination happens on a faster scale.
Temperature studies support this explanation. Figure 3 (b) shows that at temperatures above 150 K, where most of the donor-bound excitons no longer exist, (their binding energy equals 5meV) the slow component disappears as well. Moreover, this slow component has only been observed in the 25% and 33% epilayers, which are the only samples exhibiting a donorbound exciton related feature in the PL spectrum at low temperatures. (a) (b) Figure 3 Photoluminescence intensity decay at 15K, 50K, and 150K for the 25%Al sample measured at energies corresponding to the excitonic transition (plot(a)) and donor to acceptor transition (plot(b)). The latter exhibits a slow decay component at low temperatures. The same decay becomes mono-exponential at 150K.
early decay times and energies corresponding to the donor -to-acceptor transition in the low Al mole fraction epilayers is associated with the existence of donor-bound excitons at low temperatures in these samples.
